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Low power optical diodes (ODs) are important devices for chip-based optical information process-
ing. By adopting the giant quantum nonlinearity associated with atoms in a strongly coupled cavity
QED system and an asymmetric cavity configuration we experimentally demonstrate the nonrecip-
rocal transmission between two counter propagating pW-level light fields, which is then manipulated
as OD. The OD can even work on few-photon level due to the giant nonlinearity of the system. The
OD working power can be tuned by the effective atom number. This system can be integrated to the
optical chips by using fiber-based cavity QED systems. Our work opens perspectives for all-optical
ODs on few-photon level based on quantum nonlinearities.
Optical diodes (OD), that allow nonreciprocal trans-
mission for the counter propagating optical fields, are
important devices in optical information processing sys-
tems to protect laser (photon emission) sources or pre-
vent interference between optical paths. Any optical sys-
tem which breaks Lorentz reciprocity can be harnessed
as OD [1]. The ODs can be classified into three types
depending on the mechanism of how the Lorentz reci-
procity is broken. For type I, the asymmetric permittiv-
ity breaks Lorentz reciprocity. The typical device is the
widely used optical isolators made from magnetic Fara-
day effect. Type II uses nonlinear effect, in which the per-
mittivity is dependent on the electric-field strength and
thus Lorentz reciprocity is broken in the regime of high
optical power. Type III uses time-dependent refractive
index to break the Lorentz reciprocity. In the context of
the rapid development of all optical signal processing and
the optical network, ODs without magnetic field are be-
coming more and more attractive. The former researches
of non-magnetic ODs focused on the control of the light
field in a classical way with type II and type III [2–20].
However, these ODs could not fulfill the requirement of
low power in chip-based optical information processing.
In recent years, many novel non-magnetic ODs have
been proposed by adopting the quantum technologies
[21–35]. Among these ODs, the working power on single-
photon level can be realized with type I [21, 23–30, 35]
and type III [22]. Nevertheless, the nonlinearity needs
large number of photons, the working power of OD with
type II is very hard to be decreased. By using the
quantum nonlinear interaction between light field and
phonons [31–33], the working power of nonlinear OD
could be decreased to mW level, and the lowest could
only reach nW level. In this letter we report for the first
time a nonlinear OD working on few-photon (pW) level
by using the giant quantum nonlinearity in a strongly
coupled cavity QED system. In such system the non-
linear interaction can be observed on single-quanta level
[36–38]. By adopting an asymmetric cavity configura-
tion in a few-atom strongly coupled cavity QED system
a nonlinear OD with type II is demonstrated. The lowest
working power is down to pW level, which corresponding
to few photons inside the cavity, and the blocking ratio
for the reversely propagating light field is greater than
15 dB at this working power. The OD working power
window can be tuned by the effective atom number to
hundreds of pW and the blocking ratio is greater than 30
dB. This system can be easily integrated into the opti-
cal chips by using cavity QED systems with chip-based
Whisper-Gallery-mode cavities [39–47] or fiber cavities
[48, 49]. Our work opens perspectives for all-optical ODs
working on few-photon level with quantum nonlineari-
ties.
The prototype of the OD model on which the experi-
ment based was firstly proposed in [34], where a bad cav-
ity with γ < Ω < κ is considered. Ω is the atom-cavity
coupling strength, γ and κ are atom and cavity decay
rates. Here we adopt a strongly coupled system, where
Ω > (γ, κ), so that the nonlinearity is much bigger than
the system with bad cavity. The scheme of the model is
shown in Fig. 1. N two-level atoms strongly coupled to
an optical Fabry-Pe´rot cavity. The atom-cavity coupling
strength for single atom is g, so the collective atom-cavity
coupling strength for N atoms is Ω =
√
Ng. The trans-
verse decay rate of atom from excited state |e〉 is γ and
transverse cavity decay rate is κ = κ1+κ2+κloss, where
κ1(2) is the decay rate (also the coupling rate between
photons inside the cavity and outside of the cavity) from
mirrors M1(2) and κloss is the overall extra-loss-induced
decay rate of the cavity mode. The light field with fre-
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FIG. 1. Scheme of the OD model. A cavity QED system with
multiple two-level atoms strongly coupled to an asymmetric
cavity configuration is adopted. The coupling efficiencies of
cavity mirrors fulfills the relation κ1 > κ2. Thus, the intra-
cavity atoms reach the saturation earlier for the incident light
field in mode a (the forward direction) than that in in mode b
(the reverse direction) when the power of the fields increases.
Consequently, light field in mode a transmits and light field
in mode b is blocked at certain power level.
quency ωp excites the system either from left (ain mode)
or right (bin mode). The frequency detuning between
light field and atomic transition (cavity) is denoted by
∆ = ωat − ωp (δ = ωcav − ωp), where ωat and ωcav are
the resonant frequency of atomic transition and cavity.
After using the standard semi-classical method [34, 50]
(also refer to the supplementary material), the relation
between transmitted light power P
a(b)
t (a and b in the su-
perscript mean the directions of incident field, as shown
in Fig. 1) and incident light power P
a(b)
in is given by
P
a(b)
in =
P
a(b)
t
κ1κ2
{[
κ+
Ω2γ/2
(∆2 + γ2/4)(1 + y)
]2
+
[
−δ + Ω
2∆
(∆2 + γ2/4)(1 + y)
]2}
, (1)
where y = P
a(b)
t /P
a(b)
ct is the saturation parameter with
P
a(b)
ct = 2g
2/κ2(1)(∆
2 + γ2/4). In the current research
only the resonant case where ∆ ≈ δ = 0 is concerned.
If we only focus on the light field propagation along one
direction, Eq.(1) gives a bistable behavior between trans-
mitted and incident light fields due to the nonlinearity
of the coupled atom-cavity system. This bistability has
been extensively studied in either the weakly coupled or
strongly coupled atom-cavity systems [51–54]. However,
if an asymmetric cavity, where κ1 6= κ2 for the two mir-
rors, is considered, the nonlinearities for the two coun-
terpropagating fields with same power are quite different
due to the asymmetric coupling coefficients κ1 and κ2.
The field incident from the mirror with bigger coupling
efficiency has stronger nonlinearity and the consequential
bistability appears in lower input power. The theoretical
bistability results according to Eq. (1) for the two light
fields are shown in Fig. 2(a). In the shaded region, the
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FIG. 2. Bistability of the system with effective atom number
Neff = 12.8± 0.4 obtained for light fields as increasing power
in directions of a and b respectively. (a) theoretical results
given by the semiclassical method and (b) the experimental
results. The shaded area in both figures with lower and upper
bounds marked by Pl and Pu shows the OD working window,
in which light field in mode a transmits whereas light field in
mode b is blocked. In (b) the right vertical axis shows the
mean photon numbers in the cavity deduced by the power of
transmitted forward light field.
atomic transition for light field in mode a has been satu-
rated and almost all the light field transmits the cavity,
whereas the atomic transition for light field in mode b
has not been saturated because of the much weaker in-
tracavity field and thus the light beam is blocked due to
the normal mode splitting [55–57]. Here we call the di-
rection of light field incident in mode a (b) the forward
(reverse) direction. This nonreciprocal transmission for
the counter propagating light fields can be manipulated
as OD.
To experimentally demonstrate the OD, we use a high-
finesse Fabry-Pe´rot cavity with length of 335 µm. The ce-
sium atoms are transferred from a magneto-optical trap
(MOT) beside with the cavity with the aid of a 1064
optical dipole trap (see SM for details). The cavity
QED parameters are (g, κ, γ) = 2pi × (5.5, 3.7, 2.6) MHz,
where g is the maximum atom-cavity coupling strength
for the 6S1/2|F = 4〉 ↔ 6P3/2|F = 5〉 transition of single
atom, κ and γ are the photon decay rates from cavity
and atom 6P3/2|F = 5〉 state. The two cavity mirrors
M1 and M2 have asymmetric transmission coefficients of
3T1 = 88.9 ± 0.1 ppm and T1 = 5.1 ± 0.1 ppm, which
corresponds to decay (coupling) rates of κ1 = 2pi × 3.1
MHz and κ2 = 2pi × 0.2 MHz. There is 10.8 ppm ex-
tra scattering and absorption losses for the whole cavity,
which gives extra loss rate of κloss = 2pi × 0.4 MHz. A
cavity-resonant light field is fed into the cavity from ei-
ther side of the cavity and the transmitted light field
is recorded by single photon counters. There is a small
detuning between the cavity and the atomic transition
linw with ∆ − δ = −0.64 ± 0.2 MHz throughout of our
measurements.
The typical bistability property obtained with effec-
tive intracavity atom number of Neff = 12.8 ± 0.4 for
the two forward and reverse light fields are shown in Fig
2(b). The effective atom number is deduced from the
Rabi splitting spectrum in a separate measurement. As
expected by the theory there is an obvious window (the
shaded region) that the one light field transmits, and the
other is blocked. This is the OD working window and
the working power is between 20 and 100 pW for the
incident light field. The corresponding intracavity pho-
ton number of the forward light is between 3.8 and 50.
Compare to the theoretical result in Fig. 2(a) the experi-
ment result has two distinct features. 1) The transmitted
power below to the onset power of the bistability is al-
most constant despite of the input power, while the the-
ory shows dependence with positive slop. This discrep-
ancy is because that the transmitted light field is so weak
that the dark counts of the photon counter dominates. 2)
The theoretical bistability from the semi-classical model
shows “s”-shaped in the bistable region, which has been
approved by experiments [51–54], however in our experi-
ments the result shows a noisy distribution in this region.
This behavior is due to the quantum effect, where the
two states in the bistable region are no longer stable and
stochastic switching between them happens continuously
[58]. The full quantum method [50] would give a com-
plete description. In either case, the OD feature of the
light field is still distinct and holds.
The performance of the OD is characterized by trans-
mission efficiency for the forward field and the blocking
ratio for the reverse light field. The experimental re-
sults are shown in Fig. 3 along with the theoretical ex-
pectations. The measured transmission for the forward
(mode a) light field in around 0.2, which is in good agree-
ment with the theory. The transmission is mainly limited
by the poor impedance matching of the light field with
T1 > T2 + lcav + latom, where lcav and latom are the ex-
tra cavity loss and atom scattering loss. If the perfect
impedance matching condition of T1 = T2 + lcav + latom
could be achieved the highest OD transmission near 1
would be achieved. The average blocking ratio for the re-
verse light field within the OD working window is around
27 dB, which is less than the theoretical blocking ratio
of about 37 dB due to the domination of the dark counts
associated with single photon detector in the case of ex-
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FIG. 3. Performance of the OD with atom number Neff =
12.8 ± 0.4. The working power is between 20 and 100 pW.
The red and blue data points are the experimental results for
transmission in mode a and blocking ratio of the reversely
incident light field. The solid red and dashed blue curves are
the theoretical expectations.
tremely weak light field.
The range of the OD working window, which is
bounded by upper and lower power Pl and Pu as in-
dicated in Fig. 2, and the corresponding performance
dramatically depends on the effective intracavity atom
numberNeff. The bistabilities of the two light fields along
opposite directions under a series of Neff are measured
and displayed in Fig. 4(a). As more atoms are involved
and higher powers are requested to trigger the bistability
for either of the light field. Therefore, the OD work-
ing window can be tuned by changing the atom number.
The inset of Fig. 4(a) gives the dependence of upper and
lower bounds of the OD window on the atom number.
It shows that if the atom number is low enough, for ex-
ample when Neff = 3.0± 0.2, the OD can work with few
intracavity photons. Of course, the working power of the
OD can also be high with large number of atoms. Here
due to the limitation of MOT and transfering setups the
maximum Neff we could achieve is only 14.7 ± 0.3. It
could be increased further by improve the corresponding
setups.
The average transmission efficiencies and blocking ra-
tios over OD working window for different atom numbers
are shown in Fig. 4(b). As discussed before, the trans-
mission efficiency for the transmitting light field is deter-
mined by the impedance matching conditions, which does
not change with Neff. So, the theoretical transmission
efficiency keeps constant. The measured transmission ef-
ficiencies are in good agreement with the theory. The
slight discrepancy is mainly due to the statistical errors
of the measurement. The blocking ratios for the reversing
light field drops with Neff due to the weaker nonlinearity.
However, due to the giant nonlinearities it is still bigger
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FIG. 4. Performance of the OD with different atom number.
(a) Measured bistabilty for the two conter propogating light
fields under a series of atom numbers. The blue and red points
are for the light fields incident in modes a and b, respectively.
Every data point is the average of ten measurements. The
inset gives the map of OD working window associated with
the corresponding atom number. The right axis of inset shows
the corresponding mean photon number of the cavity for the
forward light field. The solid curves and shaded area are the
theoretical expectations and the points are experimental data.
(b) The average blocking ratios and transmissions of the OD
in the corresponding working window. The meaning of the
points and solid curves are same to that in Fig. 3.
than 15 dB with Neff = 3.0± 0.2 on few-photon level.
In summary, by using the giant nonlinearity associated
with atoms strongly coupled to asymmetric optical cavity
we experimentally demonstrated an all optical OD work-
ing on few-photon level. Due to the gaint nonlinearity
the OD can work with pW level light field, which corre-
sponds to few photons inside the cavity. The blocking
ratio for the reversely propagating light field is greater
than 15 dB at this working power. The OD working
power window is tuned by the effective atom number to
hundreds of pW and the minimum blocking ratio could
reach 30 dB. Compare to the nonlinear OD with other
system, our OD has both the lowest working power and
highest blocking ratio. The demonstrated OD can be
easily integrated into the optical chips by using a cav-
ity QED system with chip-based Whisper-Gallery-mode
cavities or fiber cavities. Our work opens perspectives for
all-optical ODs working at few-photon level with quan-
tum nonlinearities and it has potential applications in the
chip-based low-power optical information technologies.
This work was supported by the National Key Re-
search and Development Program of China (Grant No.
2017YFA0304502), the National Natural Science Founda-
tion of China (Grant No. 11634008, 11864018, 11674203,
11574187, and 61227902), and the Fund for Shanxi ”1331
Project” Key Subjects Construction.
∗ gangli@sxu.edu.cn
† tczhang@sxu.edu.cn
[1] D. Jalas, A. Petrov, M. Eich, W. Freude, S. Fan, Z. Yu,
R. Baets, M. Popovic, A. Melloni, J. D. Joannopou-
los, M. Vanwolleghem, C. R. Doerr, and H. Renner,
Nat Photon 7, 579 (2013).
[2] S. Hua, J. Wen, X. Jiang, Q. Hua, L. Jiang, and M. Xiao,
Nat Commun 7, 13657 (2016).
[3] X. Jiang, C. Yang, H. Wu, S. Hua,
L. Chang, Y. Ding, Q. Hua, and M. Xiao,
Scientific Reports 6, 38972 (2016).
[4] L. D. Bino, J. M. Silver, M. T. M. Woodley, S. L. Steb-
bings, X. Zhao, and P. Del’Haye, Optica 5, 279 (2018).
[5] I. V. Shadrivov, K. Y. Bliokh, Y. P. Bliokh, V. Freilikher,
and Y. S. Kivshar, Phys. Rev. Lett. 104, 123902 (2010).
[6] V. Grigoriev and F. Biancalana,
Opt. Lett. 36, 2131 (2011).
[7] K. Gallo and G. Assanto,
J. Opt. Soc. Am. B 16, 267 (1999).
[8] K. Gallo, G. Assanto, K. R. Parameswaran, and M. M.
Fejer, Applied Physics Letters 79, 314 (2001).
[9] L. Fan, J. Wang, L. T. Varghese, H. Shen,
B. Niu, Y. Xuan, A. M. Weiner, and M. Qi,
Science 335, 447 (2012).
[10] Z. Yu and S. Fan, Nature Photonics 3, 91 (2009).
[11] H. Lira, Z. Yu, S. Fan, and M. Lipson,
Phys. Rev. Lett. 109, 033901 (2012).
[12] J. Kim, S. Kim, and G. Bahl,
Scientific Reports 7, 1647 (2017).
[13] J. Kim, M. Kuzyk, K. Han, H. Wang, and G. Bahl,
Nature Physics 11, 275 (2014).
[14] A. Kamal, J. Clarke, and M. Devoret,
Nature Phys. 7, 311 (2010).
[15] D. Sounas, C. Caloz, and A. Al,
Nature communications 4, 2407 (2013).
[16] N. A. Estep, D. Sounas, J. Soric, and A. Alu,
Nature Physics 10, 923 (2014).
[17] L. Chang, X. Jiang, S. Hua, C. Yang, J. Wen,
L. Jiang, G. Li, G. Wang, and M. Xiao,
Nature Photonics 8, 524 (2014).
[18] B. Peng, S. Ozdemir, F. Lei, F. Monifi, M. Gianfreda,
G. Long, S. Fan, F. Nori, C. Bender, and L. Yang,
Nature Physics 10, 394 (2014).
[19] Y. Shi, Z. Yu, and S. Fan,
Nature Photonics 9, 388 (2015).
[20] N. Bender, S. Factor, J. D. Bodyfelt, H. Ramezani,
5D. N. Christodoulides, F. M. Ellis, and T. Kottos,
Phys. Rev. Lett. 110, 234101 (2013).
[21] C. Sayrin, C. Junge, R. Mitsch, B. Albrecht, D. O’Shea,
P. Schneeweiss, J. Volz, and A. Rauschenbeutel,
Phys. Rev. X 5, 041036 (2015).
[22] D.-W. Wang, H.-T. Zhou, M.-J. Guo, J.-
X. Zhang, J. Evers, and S.-Y. Zhu,
Phys. Rev. Lett. 110, 093901 (2013).
[23] H. Z. Shen, Y. H. Zhou, and X. X. Yi,
Phys. Rev. A 90, 023849 (2014).
[24] E. J. Lenferink, G. Wei, and N. P. Stern,
Opt. Express 22, 16099 (2014).
[25] F. Fratini, E. Mascarenhas, L. Safari, J.-P. Poizat, D. Va-
lente, A. Auffe`ves, D. Gerace, and M. F. Santos,
Phys. Rev. Lett. 113, 243601 (2014).
[26] F. Fratini and R. Ghobadi,
Phys. Rev. A 93, 023818 (2016).
[27] Y. Shen, M. Bradford, and J.-T. Shen,
Phys. Rev. Lett. 107, 173902 (2011).
[28] K. Xia, G. Lu, G. Lin, Y. Cheng, Y. Niu, S. Gong, and
J. Twamley, Phys. Rev. A 90, 043802 (2014).
[29] X.-W. Xu, A.-X. Chen, Y. Li, and Y.-x. Liu,
Phys. Rev. A 95, 063808 (2017).
[30] W.-B. Yan, W.-Y. Ni, J. Zhang, F.-Y. Zhang, and
H. Fan, Phys. Rev. A 98, 043852 (2018).
[31] C.-H. Dong, Z. Shen, C.-L. Zou, Y.-L. Zhang, W. Fu,
and G.-C. Guo, Nat Commun 6, 6193 (2015).
[32] Z. Shen, Z. Yanlei, Y. Chen, C.-L. Zou, Y.-F. Xiao,
X. B. Zou, F. W. Sun, G. C. Guo, and C. Dong,
Nature Photonics 10, 657 (2016).
[33] F. Ruesink, M.-A. Miri, A. Alu`, and E. Verhagen,
Nat Commun 7, 13662 (2016).
[34] X. Xia, J. Xu, and Y. Yang,
Phys. Rev. A 90, 043857 (2014).
[35] S. Zhang, Y. Hu, Y. Niu, K. Xia, J. Gong, and S. Gong,
Nature Photonics 12, 744 (2018).
[36] K. M Birnbaum, A. Boca, R. Miller, A. D Boozer,
T. E Northup, and H. J Kimble, Nature 436, 87 (2005).
[37] I. Schuster, A. Kubanek, A. Fuhrmanek,
T. Puppe, P. Pinkse, K. Murr, and G. Rempe,
Nature Physics 4, 382 (2008).
[38] C. Hamsen, K. N. Tolazzi, T. Wilk, and G. Rempe,
Phys. Rev. Lett. 118, 133604 (2017).
[39] K. Vahala, Nature 424, 839 (2003).
[40] D. Englund, A. Faraon, I. Fushman, N. Stoltz, P. Petroff,
and J. Vuckovic, Nature 450, 857 (2007).
[41] K. Hennessy, A. Badolato, M. Winger, D. Gerace,
M. Atature, S. Gulde, S. Falt, E. L. Hu, and
A. Imamoglu, Nature 445, 896 (2007).
[42] J. M. Fink, M. Goppl, M. Baur, R. Bianchetti, P. J. Leek,
A. Blais, and A. Wallraff, Nature 454, 315 (2008).
[43] B. Dayan, A. S. Parkins, T. Aoki, E. P. Ostby, K. J.
Vahala, and H. J. Kimble, Science 319, 1062 (2008).
[44] T. G. Tiecke, J. D. Thompson, N. P. de Leon, L. R. Liu,
V. Vuletic, and M. D. Lukin, Nature 508, 241 (2014).
[45] A. Goban, C.-L. Hung, J. D. Hood, S.-P. Yu,
J. A. Muniz, O. Painter, and H. J. Kimble,
Phys. Rev. Lett. 115, 063601 (2015).
[46] S. Kato and T. Aoki,
Phys. Rev. Lett. 115, 093603 (2015).
[47] D. O’Shea, C. Junge, J. Volz, and A. Rauschenbeutel,
Phys. Rev. Lett. 111, 193601 (2013).
[48] J. Volz, R. Gehr, G. Dubois, J. Esteve, and J. Reichel,
Nature 475, 210 (2011).
[49] J. Gallego, W. Alt, T. Macha, M. Martinez-
Dorantes, D. Pandey, and D. Meschede,
Phys. Rev. Lett. 121, 173603 (2018).
[50] A. Dombi, A. Vukics, and P. Domokos,
Journal of Physics B Atomic Molecular and Optical Physics 46, 224010 (2013).
[51] D. E. Grant and H. J. Kimble, Opt. Lett. 7, 353 (1982).
[52] G. Rempe, R. J. Thompson, R. J. Brecha, W. D. Lee,
and H. J. Kimble, Phys. Rev. Lett. 67, 1727 (1991).
[53] A. Joshi, A. Brown, H. Wang, and M. Xiao,
Phys. Rev. A 67, 041801 (2003).
[54] A. Joshi and M. Xiao,
Journal of Modern Optics 57, 1196 (2010).
[55] R. J. Thompson, G. Rempe, and H. J. Kimble,
Phys. Rev. Lett. 68, 1132 (1992).
[56] A. Boca, R. Miller, K. M. Birnbaum, A. D.
Boozer, J. McKeever, and H. J. Kimble,
Phys. Rev. Lett. 93, 233603 (2004).
[57] P. Maunz, T. Puppe, I. Schuster, N. Syassen,
P. W. H. Pinkse, and G. Rempe,
Phys. Rev. Lett. 94, 033002 (2005).
[58] J. Wu and H. Mabuchi, Phys. Rev. A 98, 013812 (2018).
